Arbuscular mycorrhizas (AM) are particularly relevant in grasslands due to the high colonization in grasses, main constituent of this ecosystem. Natural grassland (NG) is the dominant ecosystem of Uruguay and it supports one of the main economic activities of the country: livestock. Available phosphorus (P) contents in NG soils of Uruguay are low, so phosphate fertilization is frequent. The aim of this work was to study the effect of phosphorus fertilization on arbuscular mycorrhizal fungi (AMF) diversity of two native grasses of Uruguay:
Introduction
Arbuscular mycorrhizas (AM) derive from the interaction between fungi belonging to the phylum Glomeromycota and the roots of the majority of the terrestrial plants (Smith and Read, 2008) . This symbiosis, very frequent in nature (Smith and Read, 2008; Brundrett, 2009) , is of great relevance for the agricultural and natural systems due to its contribution to higher crop yield and for ecosystem sustainability (Castillo et al., 2016) .
There is substantial evidence of the benefits plants get from mycorrhizas, among which the absorption of immobile nutrients such as P stand out (Smith and Read, 2008) . However, further studies are necessary to understand how arbuscular mycorrhizal fungi (AMF) diversity can promote plant diversity and stable systems. Several studies show a positive correlation between the diversity of the AMF and the diversity of the associated plant community. This promotion of plant diversity by the mycorrhizal interactions could be explained as different species of AMF could provide plants with different services (Castillo et al., 2016) . Furthermore, the spatial distribution of the AMF community could help to generate heterogeneous environments, which could contribute to maintain the plant diversity (Bever et al., 2001) .
So far, within the phylum Glomeromycota, 270 species of fungi which form arbuscular mycorrhizas are known to date, distributed in 38 genera in 15 families and 5 orders (Glomerales, Diversisporales, Gigasporales, Archaeosporales, and Paraglomerales) (Castillo et al., 2016) . This number of AMF species is capable of associating with approx. 200,000 plant species, which shows the low specificity of the mycorrhizal interaction (Brundrett, 2009 ). Most of the studied plant communities hold from 1 to 75 taxonomic units of AMF (Oehl et al., 2010) .
The study of AMF communities is difficult considering that these fungi are obligate symbionts; therefore, they cannot be grown in vitro, away from their host plant (Smith and Read, 2008) . Methodological strategies used to study AMF communities are conventional spore-based analysis and the DNA-based techniques. Conventional methodology identifies these fungi by morphological study of spores present in the rhizosphere of the plants which could be potentially colonized. On the other hand, DNA-based techniques allow the determination of AMF diversity both inside the roots of colonized plants and in the soil (Colombo et al., 2014) . Molecular biology has revolutionized the knowledge of AMF biodiversity, making possible to characterize the AMF community of samples from different ecosystems. The community structure of AMF can be inferred from spore communities but it should be considered that the ecological and evolutionary forces that affect AM fungal species inside plant roots could differ from that affecting the spore communities in soil (Liu et al., 2012) . Both methods have their strengths and weaknesses (Castillo et al., 2016) and the combined approach is still necessary to complete the study of AMF assemblage diversity.
Within the DNA-based techniques, the fingerprints techniques are becoming more popular to study microbial communities. Among these techniques, the Terminal Restriction Fragment Length Polymorphism (T-RFLP) is one of the most used to study the AMF community (Mummey et al., 2005; Dickie and FitzJohn, 2007; Martínez-García et al., 2015) .
It has been reported that biotic and abiotic factors influence AMF diversity (Castillo et al., 2016) . Host plant identity as well as plant community composition and neighboring plant species are biotic factors that affect AMF community (Öpik et al., 2006) . In addition, there are intrinsic fungal factors such as sporulation rate and dispersal capability that determine the abundance and distribution of AMF species in the community (Chaudhary et al., 2014) . Climate variability (regarding the phenology of host plants) and edaphic factors are part of the abiotic factors that affect mycorrhizas. Seasonality effect on fungal communities has been studied showing contradictory results. Some studies did not find differences in the structure of the fungal communities among different sampling seasons (Davison et al., 2012) . On the other hand, Tian et al. (2011) found that the number of spores in the rhizospheric soil showed variation with the season and the phenological stage of the host plant.
Other studies reported only variations in the abundance of certain AMF taxons while global fungal community underwent no changes (Bever et al., 2001) . Seasonality in AMF communities may be driven directly through abiotic factors such as temperature and rainfall (Zhang et al., 2016) , or indirectly through changes in carbon availability from host plants (Dumbrell et al., 2011) .
Numerous reports show that agronomic management practices have a substantial impact on AMF communities (Castillo et al., 2016) , among which phosphorus fertilization has been the most studied (Kahiluoto et al., 2001; Liu et al., 2012; Sheng et al., 2013) . Considering that in nutrient-poor and dry soils the arbuscular mycorrhizal benefits are greater (Pezzani et al., 2006) , several studies found negative effects due to an increase in P availability on the diversity of AMF community. This effect was observed not only inside the roots (Liu et al., 2012) but also in plant rhizosphere, analyzing both spore density and number of AMF species (Kahiluoto et al., 2001; Sheng et al., 2013) . Natural grassland (NG) is the dominant ecosystem of Uruguay, accounting for 64% of the territory. It stands for the 78% perennial forage resources of Uruguay and it supports livestock, one of the main economic activities of the country. Grasses, the predominant family in grasslands, present a high colonization of AMF (Pezzani et al., 2006; García et al., 2016) . In Uruguay's NG soils, N is the main limiting nutrient for plant growth (Jaurena et al., 2015) . In these soils, P contents are also particularly low and range from 3 to 5 mg kg -1 of soil (Garcia et al., 2016) . In order to lift these nutritional restrictions, overseeding legumes and phosphorus fertilization are carried out. Although in the short term this practice has shown positive impacts over the nutritional forage quality, evidence shows a low persistence of introduced legumes species as well as undesirable changes in the floristic composition of the NG (Jaurena et al., 2015) . Jaurena et al. (2015) (Jaurena et al., 2015) . Fifteen years after continuous annually phosphorus fertilization the intensity of arbuscular mycorrhizal colonization in two grasses was studied: P. dilatatum and C. selloana. Both grasses were part of the plant community and showed different responses in their cover. Results revealed a reduction in AMF colonization in both grasses in fertilized plots (García et al., 2016) .
A better understanding of the effects of land uses on AMF diversity will help to design more sustainable agronomic management practices (Castillo et al., 2016) . For example, Alguacil et al., (2009) The aim of this study was to determine the effects of P fertilization on AMF community diversity in two native grasses of Uruguay. The specific objectives
were: a) to study the effect of increasing P availability on mycorrhizal diversity in P. dilatatum and C.
selloana roots, and b) to determine P fertilization effect on diversity and abundance of AMF spores in the rhizospheric soil of P. dilatatum and C. selloana. In order to achieve these objectives, we used a long-term phosphorus fertilization experiment in which AMF diversity in grass roots was assessed using the T-RFLP technique and spores diversity and abundance in the rhizosphere were approached using morphological studies. We hypothesized that an increase in P availability due to fertilization would have a negative effect on AMF community diversity of both grass species.
Materials and Methods

Study site description
The study was carried out in a field experiment estab- were added. When the experiment was installed, the legumes white clover (Trifolium repens) and birdsfoot trefoil (Lotus corniculatus) were overseeded together in all fertilized plots. These species were no longer present at the sampling date; therefore, the effect of the P fertilization was only assessed. In May 2011 P available content (P Bray I) was 16.3 ± 2.7 mg kg -1 in HP plots, 8.36 ± 6.2 mg kg -1 in MP plots and 2.7 ± 0 mg kg -1 in control plots (García et al., 2016) .
Root sampling
Grass species selected for this study presented the following features: a) have shown differential response in their relative aerial cover in response to P fertilization (following Jaurena et al., 2015) ; b) have presented high cover in plots and good forage quality and c) have been present in all the plots included in this study. Taking into account this selection criteria two species were selected: C. sellona, which reduced its cover in fertilized plots (decreasing species to P) and P. dilatatum that its cover underwent no change because P increase (indifferent species to P).
To homogenize grass cover height, cattle grazing was 
DNA extraction from roots and Terminal Restriction Fragment Length Polymorphism (T-RFLP)
Roots of five plants of each species were mixed thoroughly to obtain one representative sample per plot.
Healthy white roots were separated from darker senescent roots, and adhering soil was washed off using deionized water. The roots were cut to 1 cm lengths, thoroughly mixed and macerated in liquid nitrogen until powder consistency. Total DNA was extracted from 100 mg of roots following Gollotte et al. (2004) with modifications. Roots were mixed with1000 µL of 2X CTAB buffer and incubated for one hour at 65 °C, stirring it every 15 min. Tubes were cooled at room temperature and were centrifuged at 12000 rpm for 10 min. The supernatant was removed and a volume of chloroform: isoamyl alcohol 24:1 was added, stirred for 5 min and centrifuged at 12000 rpm for 5 min. The aqueous phase was removed to a new tube where ⅔ of volume of cold isopropanol was added. It was agitated by inverting it several times, and taken to a freezer for 2 h. They were centrifuged for 10 min at 12000 rpm.
The supernatant was discarded; the pellet was rinsed with 70% alcohol, centrifuged for 5 min at 12000 rpm and then washed again with 70% alcohol. The supernatant was discarded and the pellet was dried over- Good View (SBS, China). The electrophoresis was done at 90 V for 40 min using TBE 0.5X as buffer.
The community structure of root-colonizing AMF was assessed by T-RFLP amplifying a region of the 18S rDNA of Glomeromycota fungi. A nested PCR strategy was performed Primers LR1 (5'-GCA TAT CAA TAA GCG GAG GA-3') and FLR2 (5'-GTC GTT TAA AGC CAT TAC GTC-3'), whose are specific for fungal division (Trouvelot et al., 1999) , were employed in the first amplification reaction. Primer FLR3 (5'-TTG AAA GGG AAA CGA TTG AAG T-3') and FLR4 (5'-TAC GTC AAC ATC CTT AAC GAA-3'), which were specific for Glomeromycota (Gollotte et al., 2004) , were used in the second PCR 
Analysis of the T-RFLP data
Abundance and diversity of spores
The soil of the five pots corresponding to each plot of each treatment (NG and HP) and each species was mixed up to obtain composite samples. Spore abundance was quantified by extracting spores from a 100 g subsample of this resulted soil by wet sieving and density centrifugation proposed by Menge (Daniels and Skipper, 1982) . Spores were also used to assess AM fungal diversity according to morphological characteristics. Spores were collected and mounted on glass microscope slides for classification and enumeration using a stereomicroscope (Nikon, Eclipse E100, Japan). Different morphotypes of spores were separated and classified by color, shape, subtending hypha features and some spores wall attributes according with Blaszkowski (2003) . The spores were named with numbers in order of appearance. The number of morphotypes found in each sample represented the S of AMF spores; the number of spores of each morphotype represented the relative abundance and the total number of spores represented the total abundance of these AMF propagules.
Richness of spores morphotypes, H' and J' were calculated using the PAST 2.07 software (Hammer et al., 2001) .
Statistical analysis
For the T-RFLP data, the analyzed factors were host A Bray-Curtis dissimilarity matrix among samples was calculated using the matrix of T-RFs relative abundance. Differences in community structure were analyzed with Non Metric Multidimensional Scaling (NMDS) using the software PAST 2.07 (Hammer et al., 2001) . The same matrix was used to perform analysis of similarity (ANOSIM) to test significant differences in the AMF community composition associated to C. selloana and P. dilatatum.
Results
Diversity of AMF in the roots of C. selloana and P. dilatatum
T-RFLP data showed that P fertilization had no effect on AMF diversity present in the roots of the studied grasses.
The H' and J' were not affected by the treatment (for H' p Mean values for three P treatments (n=9)
Diversity and abundance of spores in C. selloana and P. dilatatum rhizosphere
AMF spores diversity was not affected by P fertilization. Analyzed rhizospheric soils showed a total of 15 different AMF spores morphotypes, with a minimum of 6 morphotypes and a maximum of 11 per sample.
Among the most abundant morphotype the number 11 stands out, which was also present in all the analyzed treatments. The spores identified with this morphotype were big, translucent light brown coloring; they presented a single wall and were formed terminally in the subtending hypha, which showed an even thickness. Morphotype 8 corresponded to medium-sized spores, with single wall, reddish color, and in some cases the bulbous supporting hypha could even be observed, which presented a thickening in the base of the spore.. Another of the most abundant morphotypes present in all the studied samples was number 9, corresponding to very small spores, reddish, forming groups from four to eight spores, which were formed terminally from straight subtending hyphas.
Discussion
In this study, the effect of overseeding legumes and long-term phosphorus fertilization on the diversity of AMF communities in roots and rhizospheric soil of two native grasses in Uruguay's grasslands was determined.
Particularly, the effect of P fertilization was evaluated since the legumes introduced at the beginning of the experiment had disappeared from the community when the sampling was done. Contrary to our hypothesis, the obtained results showed that the increase in P soil available did not affect the diversity of AMF neither in roots nor in the rhizosphere of the studied grasses. This is a surprising result bearing in mind that the increase of P availability affected the floristic composition of the natural grassland (Jaurena et al., 2015) . These changes could lead to alter the AMF communities, as most AMF show some level of host-preferences (Mummey et al., 2005; Öpik et al., 2006) . On the other hand, previous studies report negative effects of increasing P availability on AMF diversity, independently of the amounts of available P in soil. Liu et al. (2012) showed available P contents six times higher than NG ones (García et al., 2016) . Our results agree with Beauregard et al. (2010) , who also did not find response from AMF communities diversity to P fertilization treatments even with increases of available P from 84
to 693 mg Kg -1. Probably other factors together with initial and changes in P availability are affecting AMF diversity. One reason of the observed results could be related to a greater resilience of AMF community to nutrient changes than the vegetal community. As stated above, the agronomical practices caused changes in the floristic composition, promoting invasive species and reducing the presence of native ones (Jaurena et al., 2015) . Given that there are around 270 AMF species (Castillo et al., 2016) that colonize approximately 200.000 plant species (Brundrett, 2009) , mycorrhiza is an unspecific interaction, therefore invasive species that proliferated in fertilized plots (Lolium multiflorum and Cynodon dactylon) could maintain mycorrhizas with the same AMF species present in native grasses or could not be colonized by AMF. In both cases, there would be no replacement of AMF species. However, previous studies reported that invasive plants alter the AMF communities of native species and it has been proposed as a possible mechanism which contributes to the success of the invasion (Mummey et al., 2005) .
Further studies will be essential for determining if invasive plants are colonized with AMF and how this interaction is affected by P fertilization.
Moreover, the lack of response in AMF diversity to P increments could be due to the bias of T-RFLP technique used in the present study. Although this technique has the advantage of being really sensitive, it has been reported that this procedure could underestimate diversity because the same terminal fragment or T-RF could be representing more than one species that present the same restriction site in the sequence. To adjust the resolution of this technique more than one restriction enzyme could be employed, as well as the use of both marked primers (Dickie and FitzJohn, 2007) .
Furthermore, we observed a trend in the number of spores in C. selloana rhizosphere which showed that P fertilization caused an increase on spore abundance in this grass. This result contradicts previous studies that reported long-term negative effects of P addition on spore density (Kahiluoto et al., 2001) . Taking into account that C. selloana roots in fertilized plots had less mycorrhizas than in NG plots (García et al., 2016) , the increase in spore abundance could be explained by a shift in resource allocation from the hyphas (functional structures that provide nutrients to plants) to dispersal and survival structures as spores. This change in allocation patterns could be caused by the increase in available P in soil, which operates as a selective force (Sheng et al., 2013) . These authors suggest that in P deficiency conditions plants would allocate more carbohydrates to roots and root system would produce more exudates that promote hyphal growth. Increasing P soil levels triggers the investment of carbon and energy in propagules rather than in hyphal growth. As it was previously mentioned, C. selloana showed a decrease in its cover in fertilized grassland (decreaser species to P, Jaurena et al., 2015) . Cumming et al. (2015) propose another explanation: a possible selection by the host plant or edaphic environment of the mycorrhizal fungus species that have the potential to increase P acquisition.
In P. dilatatum (which its cover was indifferent to P increments according with Jaurena et al., 2015) , although the mycorrhizal colonization was negatively affected due to P addition (García et al., 2016) , AMF spore abundance in its rhizosphere did not change.
These results could suggest that pattern of resources allocation was not modified in this grass species.
AMF communities showed differences between both grass species. AMF biotypes richness that colonized roots was greater in C. selloana than in P. dilatatum.
These results agree with previous studies which found differences in fungal community composition (Mummey et al., 2005; Martínez-García et al., 2015) and in AMF biotypes richness between host plants (Algualcil et al., 2012) . AM fungal richness may have positive effects on plants due to increased chances of functional compatibility. Moreover, spores abundance in the rhizosphere also showed differences between host plants. We found a significantly higher number of spores in the rhizosphere of C. selloana than in P. dilatatum in high P availability situations.
It has been demostrated that there is a fungi-plant combination effect on the performance of the vegetal symbiont as well as on the fungal populations growth, which could present different sporulation rates (Boaming and Bever, 2016) .
Although seasonal effect has been studied on AMF diversity in soil and rhizosphere (Dumbrell et al., 2011; Tian et al., 2011) , this effect on AMF community diversity inside the roots has not been extensively studied. Different environmental conditions, as well as the phenology of host plants were found to cause changes in AMF colonization rates (Hazard et al., 2014) . In a previous work, highest AMF colonization rates were found in summer (February), at peak growing times of P. dilatatum and C. selloana (García et al., 2016) . In this study, the season of the year caused differences in the AMF community of P. dilatatum and C. selloana roots (Figure 2) . Our results agree with previous studies in which seasonal variation in AMF communities have been suggested (Dumbrell et al., 2011; Hazard et al., 2014) . We found higher AMF biotypes richness in P. dilatatum and C. selloana roots in winter than in summer (Figure 1) . Similar results were found by Hazard et al. (2014) and Dumbrell et al. (2011) .
Bearing in mind that AMF depend on the carbon supplied by their host plant, these authors suggest that an increase in a limiting resource is expected to reduce both diversity and community evenness. This is due to the fact that stronger competitors are able to capture greater amounts of resources and so dominate.
The decrease of diversity during the summer could be explained by this mechanism. The availability of carbon to the AM fungi is limited by low rates of photosynthesis during the winter. By contrast, in warm season an increase in carbon supply to the AM fungi results in an overall decrease in AM fungal diversity, explained by single taxa dominance. The exact mechanism for temporal variation in AMF has yet to be fully determined and further studies are needed which take into consideration the seasonal dynamics of AMF (Hazard et al., 2014) .
Within the most abundant morphotypes in all the samples, spores that could apparently belong to the Glomus and Gigaspora genera were found. Predominance of the Glomus genus over the other genera in natural grasslands was previously reported (Alguacil et al., 2012) . Glomus species present great adaptability and they have been reported associated to different plants and environmental conditions (Castillo et al., 2016) . So that, we could expect that the most abundant AMF spores in all P treatments could be Glomus species.
In recent years, increasing attention has been paid to the investigations of AMF diversity in natural grassland ecosystems (Mafaziya and Madawala, 2015) . The present study is the first contribution to the knowledge of arbuscular mycorrhizal diversity in soil and plant using molecular techniques in Uruguayan grasslands.
P. dilatatum and C. selloana presented AMF communities with great diversity showing Shannon indexes values between 1.8 and 2.7 Both grasses were colonized by a number of biotypes that ranged from 6 and 25, which agrees with previous studies that employed the same methodologies (Mummey et al., 2005; Hazard et al., 2014) . The high fungal diversity found in the studied grasses shows the importance that AMF could have in Uruguayan grasslands.
Conclusions
Our results showed that long-term P fertilization did not affect the diversity of arbuscular mycorrhizal communities neither in the rhizosphere nor in the roots of two of the most frequent grasses in Uruguayan grasslands. AM fungal community varied between the seasons (winter or summer), and slightly with the host plant. Differences in AMF richness between host species seem to indicate a certain degree of fungiplant specificity in this symbiosis.
Furthermore, the high presence and diversity of arbuscular mycorrhizas found in this study reflect the importance that these interactions may have in Uruguayan grasslands. The present study represents a new insight of the effects of P addition on natural grasslands.
